Abstract Synthetically prepared congeners of spongederived bastadin derivatives such as 5,5′-dibromohemibastadin-1 (DBHB) that suppress the settling of barnacle larvae were identified in this study as strong inhibitors of blue mussel phenoloxidase that is involved in the firm attachment of mussels to a given substrate. The IC 50 value of DBHB as the most active enzyme inhibitor encountered in this study amounts to 0.84 μM. Inhibition of phenoloxidase by DBHB is likely due to complexation of copper(II) ions from the catalytic centre of the enzyme by the α-oxo-oxime moiety of the compound as shown here for the first time by structure activity studies and by X-ray structure determination of a copper(II) complex of DBHB.
Introduction
Man-made as well as natural surfaces in the marine ecosystem are rapidly colonized by fouling organisms that include microorganisms, algae, barnacles, mussels and others. Biofouling causes high economical losses worldwide, e.g. by reducing boat speeds and increasing fuel consumption (Wahl 1989; Yebra et al. 2004) . Considering that up to 90% of the global trade rely on ships, serious problems due to biofouling arise for the maritime industry (Liu et al. 1997; Voulvoulis et al. 1999; Maréchal and Hellio 2009 ). Until recently, coatings containing bis(tri-n-butyltin)oxide (TBTO) were used for preventing biofouling. Since 2008, the usage of TBTO is banned by the International Maritime Organisation (IMO 2001; Voulvoulis et al. 1999; Lau 1991; Pereira and Ankjaergaard 2009) and new antifouling strategies, in-volving chemical, physical, and mechanical mechanisms, are urgently needed to replace TBTO and other potentially toxic or harmful ingredients (Hellio and Yebra 2009) .
The frequently made observation that many sponges are conspicuously free of overgrowth caused by fouling organisms has stimulated the search for naturally occurring antifouling leads from marine sponges (e.g. Tsoukatou et al. 2002; Fusetani 2004; Tsoukatou et al 2007; . In this context, we demonstrated recently strong antifouling activity for sponge-derived bastadin and hemibastadin derivatives and for several synthetically derived analogues such as DBHB using larvae of the barnacle Balanus improvisus as a model organism (Ortlepp et al. 2007 ). Bastadins are tyrosinederived, brominated, oxime-bearing peptides that can be cyclic or linear and are typical constituents of marine sponges from the genus Ianthella such as Ianthella basta (Ortlepp et al. 2007) . Hemibastadin-1 is the simplest natural bastadin derivative known and can be considered as a biogenetic precursor of the larger bastadins that include two or more hemibastadin moieties that are usually linked through ether functions. Hemibastadin-1 as well as its closely related synthetically derived analogue 5,5′-dibromohemibastadin-1 (DBHB) suppress the settling of barnacle larvae at low micromolar concentrations making these compounds interesting candidates in the search for new antifouling constituents from nature especially as they are easily accessible by organic synthesis (Ortlepp et al. 2007 ).
It is well-known that the phenoloxidases of mussels and of other marine invertebrates such as barnacle larvae are highly relevant for the settling of these fouling organisms since they are involved in the polymerization of secreted proteins called foot proteins (Aladaileh et al. 2007; Hellio et al. 2000; Zentz et al. 2002) . The latter contain numerous residues of the aromatic amino acids phenylalanine and tyrosine. Phenoloxidases oxidize these aromatic amino acids and form highly reactive ortho-diquinone bearing systems that cross react with each other as well as with other proteins and generate a biopolymer that firmly attaches the fouling organism to a given substrate (Suci and Geesey 2000; Aladaileh et al. 2007; Kamino 2001; Cheung et al. 1977) . In order to prevent a spontaneous polymerization of aromatic amino acids, phenoloxidase is stored intracellularly as enzymatically inactive pro-phenoloxidase. The chemical transformation and activation of pro-phenoloxidase to phenoloxidase is proteolytically catalysed during the secretion by different proteases that are controlled by Ca 2+ -dependant signalling cascades (Asokan et al. 1997; Hellio et al. 2007) . It is known that intracellular Ca 2+ concentration is important for settling (Rittschof et al. 1986; Clare 1996; Yamamoto et al. 1998) . Thus, by the reduction of Ca 2+ influx, the signalling cascades that are involved in the proteolytic conversion of pro-phenoloxidase and in the secretion of the active phenoloxidase can be inhibited. TBTO interferes with the cellular calcium regulator calmodulin and thus reduces mussel phenoloxidase activity (Cima and Ballarin 2000; Cima et al. 1998a, b; Tujula et al. 2001) . A further strategy for inhibiting the attachment of fouling organisms is the search for direct enzyme inhibitors of phenoloxidases. This family of oxygen-activating enzymes is distinguished by containing copper(II) ions in the catalytic centre that are bound to histidin moieties playing an essential role for the catalytic activity of these enzymes (Kim and Uyama 2005; Olivares et al. 2002; Decker et al. 2006) . If a suitable phenolic substrate draws close to the active site of the enzyme, hydroxylation and further oxidation are performed by electron transfer from copper via oxygen to the substrate (Decker et al. 2006) . The obstruction of this process by complexation of copper ions would thus be a powerful way of inhibiting the enzyme activity of the phenoloxidase and as a result, the attachment of the fouling organisms to a given surface would be prevented.
The numerous inhibitors of phenoloxidases are already known from natural sources, like quercetin and other flavonoids, mimosine or kojic acid (Kubo et al. 2000; Chen et al. 1991; Kim and Uyama 2005; Kim et al. 2006) . Some synthetically derived halogenated phenols have also been reported to inhibit phenoloxidases (Nagasawa et al. 1981) . Hemibastadins, however, till today are not investigated as inhibitors of marine-derived phenoloxidases. In this study, we report on the mode of action of hemibastadins and related compounds with regard to their antifouling activity and describe:
& Inhibition of purified blue mussel phenoloxidase by DBHB and by some of its derivatives in vitro & Ability of these compounds to complex copper(II) ions & X-ray analysis of a distinct complex of DBHB with copper(II) chloride, crystallised from dimethylformamide (DMF) and dichloromethane
Materials and Methods

Inhibition of Phenoloxidase from the Blue Mussel Mytilus edulis
Phenoloxidase activity was measured spectrophotometrically as described by Hellio et al. (2000) : the purified enzyme was incubated at 25°C with 10 mM L-dopa in 50 mM phosphate buffer of pH 6.8. Phenoloxidase activity was determined by monitoring the increase of absorbance at a wavelength of 475 nm. One unit enzyme activity was defined as the amount of enzyme that catalyzes the formation of 1 μmol dopachrome per minute under the described experimental conditions. Enzyme inhibitors such as DBHB were added to the assay at concentrations of up to 50 μg/mL. In addition, the biocide TBTO (10 μg/mL) was used as a positive standard (Hellio et al. 2000) . Absorption assays (I)-(V) were prepared as follows: 1 mL of the DBHB stock solution was mixed with 1 mL of the corresponding copper solution and 1 mL of methanol. The final concentrations, thus, were: DBHB, always 3.3 μmol/mL; CuSO 4 (I)=33.33 μmol/mL, (II)= 16.67 μmol/mL, (III)=11.11 μmol/mL, (IV)=5.55 μmol/mL and (V)=1.67 μmol/mL. The molar ratios between DBHB and CuSO 4 were 1:10 (I), 1:5 (II), 1:3.3 (III), 1:1.67 (IV) and 1:0.5 (V). The absorption spectra were measured between 450 and 1,000 nm in 1-cm cuvettes using a Perkin-Elmer Lamda 25 UV/VIS Spectrometer connected with the computer software Perkin-Elmer UV winlab 5.1.3.0626. Each sample was measured against a solution of methanol/ water (2.2:0.8 mL) containing the same concentration of CuSO 4 as in the corresponding assay (e.g. for (III): 1 mL copper solution (III)+2 mL methanol).
Selective Bastadin Precipitation and Recovery from a Crude Extract of the Sponge I. basta
To an aliquot of a crude methanolic extract of the sponge I. basta, a surplus of CuSO 4 solution in water was added. By addition of sodium carbonate solution, the pH of the solution was titrated to pH 11. The formed brown precipitate was recovered by centrifuging (1,000×g) whereas the supernatant was rejected. The pellet was washed twice with sodium carbonate solution and with water followed by the addition of 10 mL of diluted HCl. The acidic aqueous phase was partitioned three times against 10 mL ethyl acetate followed by the evaporation of the ethyl acetate soluble part using a rotary evaporator. The residue was dissolved in 2 mL methanol, injected into a HPLC machine and analysed for bastadin congeners as described previously (Ortlepp et al. 2007 ).
Improved Synthesis of Norbromohemibastadin-1 and DBHB
Norbromohemibastadin-1 In contrast to the earlier report (Ortlepp et al. 2007) , we now describe an improved synthesis of norbromohemibastadin-1 (NBHB). Methyl-[2-hydroximino-3-(4-hydroxyphenyl)]-propionate (4.18 g, 0.02 mol) was triturated with tyramine (6.03 g, 0.044 mol). This mixture was transferred into a smallwide-mouth flask, and DMF (10 g) was added. The open flask was heated in an oil bath up to 100°C. The resulting amber syrup was magnetically stirred at 135-145°C for 20 min and then cooled to room temperature. After the addition of water (20 mL) and ethyl acetate (50 mL), the mixture was stirred until nearly all has been dispensed and only small amounts of insoluble polymeric material remained. The liquid was transferred to a separation funnel using additional ethyl acetate (200 mL). The organic layer was washed with water, and this phase was extracted exhaustively with ethyl acetate. The combined organic phase was washed successively with 1% HCl and 1% aqueous sodium carbonate solution (rejected). The finally remaining ethyl acetate extract was worked up as usual. After evaporation, the remaining brown syrup (7 g) was diluted with ethyl acetate (5 mL) and dichloromethane was added drop by drop until turbid. This mixture was fractionated on a silica gel column (40×5 cm, silica gel 0.064-0.2) with dichloromethane/ethyl acetate (1,400:600) to give after crystallisation of the evaporated residue 4.8 g (76.3%) of NBHB as colourless crystals, melting point at 178-179°C.
DBHB NBHB (9.43 g, 0.03 mol) was dissolved in DMF (30 mL) and diluted with dichloromethane (200 mL). After cooling on crashed ice, a solution of bromine (150 mL 1M-Br 2 in dichloromethane) was added during 15 min of stirring and cooling away from light. Complete bromination was controlled by thin-layer chromatography. The excess of bromine was reduced by adding aqueous 10% sodium hydrogen sulphite solution until the brown colour was converted to a pale yellow. The water phase was separated and extracted exhaustively with ethyl acetate. Both organic phases were separately washed with water, then combined, dried over anhydrous sodium sulphate, filtered and concentrated under reduced pressure. The addition of dichloromethane to the residue resulted in crystallisation of 8.5 g pure DBHB. Column chromatography of the mother liquor on silica gel with dichloromethane/ethyl acetate/methanol (1,000:100:10) followed by crystallisation gave additional 7. 
DBHB (630 mg, 1 mmol) was dissolved in 2-propanol (3 mL). The colourless solution was combined with the light green solution of anhydrous CuCl 2 (134 mg, 1 mmol) in 2-propanol (5 mL). The colour of the mixture turned to an intensive dark green. The precipitation of an intensive green powder was completed by cooling overnight in a refrigerator. After separation with a suction filter, the precipitate was washed with cold 2-propanol and dried in vacuum. The yield was 750 mg (98%). This microcrystalline powder, however, was not suitable for X-ray analysis. It was nearly insoluble in all common solvents except DMF. Sufficient crystallisation was achieved by slowly dropping dichloromethane into a DMF solution of the precipitate at room temperature. The light green crystals were separated, washed with dichloromethane and dried in vacuum at 100°C. They were insoluble in water or in dichloromethane but more or less soluble in methanol, ethanol and 2-propanol. compound in methanol is treated with an excess of aqueous sodium carbonate solution, a brown precipitate is formed, which is identical with the flaky precipitate from DBHB and copper acetate in aqueous solution at pH 9. The successful X-ray analysis of the complex of DBHB with CuCl 2 /DMF/dichloromethane could only be achieved with those crystals, which were carefully dried at room temperature. This material contains more than one equivalent of the latter solvent (see below the "X-ray Crystallographic Study" subsection). However, if the drying procedure is performed at higher temperature, the required crystalline structure of the material is lost.
X-ray Chrystallographic Study
Crystal structure determinations of compounds C 17 H 14 Br 4 N 2 O 4 (DBHB) and (C 40 H 40 Br 8 Cl 4 Cu 2 N 6 O 10 • 4CH 2 Cl 2 ((DBHB(DMF)CuCl 2 ) 2 • 4CH 2 Cl 2 ) Crystals suitable for X-ray study were selected by means of a polarisation microscope and investigated on a STOE Imaging Plate Diffraction System using graphite monochromatized MoKα radiation (λ=0.71073Å). To avoid loss of CH 2 Cl 2 and deterioration, the crystals of the copper compound had to be enclosed in thin-walled glass capillaries and the study had to be performed at 173 K. The unitcell parameters were determined by least-squares refinements on the positions of 6074 and 8000 reflections in the range 1.95°<θ<25.85°and 6.0°<θ<20.75°, respectively. Space group type no. 14 was uniquely determined in the case of DBHB. For crystals of the copper compound, systematic extinctions were consistent with space group types Cc and C2/c. In accordance with E-statistics, better results were observed with a disordered structural model in the centrosymmetric type C2/c. Corrections for Lorentz and polarisation effects and multi-scan absorption corrections were applied for both compounds. The structures were solved by direct methods (Sheldrick 1990 ) and subsequent ΔF-syntheses. Approximate positions of all the hydrogen atoms of DBHB and of the dinuclear copper complex were found in different stages of refinements by full-matrix leastsquares calculations on F 2 (Sheldrick 1997) . The hydrogen atom positions of the non-coordinated CH 2 Cl 2 molecules in the copper compound needed to be calculated. Refinement suffered from the high mobility of these solvent molecules and appropriate distance and displacement parameter restraints and constraints had to be applied to achieve convergence. Anisotropic displacement parameters were refined for all non-hydrogen atoms. For the H atoms at N2, O1 and O3 of C 17 H 14 Br 4 N 2 O 4 positional and isotropic displacement parameters were refined. With idealised bonds lengths and angles assumed for all the other OH and NH groups and for all the CH 3 , CH 2 , and CH groups of both compounds, the riding model was applied for the corresponding H atoms. In addition, the H atoms of the OH groups were given allowance for rotation around the neighbouring O-C axes, and the H atoms of the CH 3 groups were allowed to move collectively around the neighbouring C-C axes. An isotropic displacement parameter was refined for the H atom at N2 of the copper complex. The isotropic displacement parameters of the H atoms not explicitly mentioned here were constrained to 120% of the equivalent isotropic displacement parameters of the parent O, N and C atoms for the NH, CH and CH 2 groups and equal to 150% for the OH and the CH 3 groups. 
Results
Several synthetically prepared hemibastadin-1 congeners that included DBHB, NBHB, and tyrosinyltyramine (TT) that differ from DBHB by the absence of bromine atoms in the aromatic rings and by the replacement of the oxime function of the hemibastadin congeners by an amine substituent were selected for in vitro studies with phenoloxidase prepared from the blue mussel M. edulis (Fig. 1) . 2,3-Butanedione monoxime (2,3-BMO) that is likewise of synthetic origin was also included in the experiments as it features an α-oxo-oxime moiety and thus resembles an important characteristic functionality of DBHB and NBHB but lacks the aromatic rings of the latter two compounds. All compounds analysed proved to be inhibitors of mussel phenoloxidase albeit at very different concentrations (Fig. 1) . DBHB was by far the strongest inhibitor encountered with an IC 50 value of 0.84 μM (Fig. 2) . Next in activity was NBHB with an IC 50 of 2.41 μM followed by 2,3-BMO with an IC 50 value of 8.70 μM thereby indicating a clear enhancing effect of the phenolic rings and of the bromine substituents on the enzyme inhibitory activity of the compounds. TT, if at all, was by far the weakest inhibitor detected in this study. Its IC 50 value could not be determined up to a concentration of 100 μM ( Figs. 1 and  2 ). This latter finding underlines the striking importance of the α-oxo-oxime function for inhibition of mussel phenoloxidase especially when viewed in comparison with the data achieved for the structurally closely related NBHB.
Complexation of copper(II) ions by DBHB in aqueous/ methanolic solution was determined photometrically. Addition of increasing amounts of copper(II) sulphate to an arbitrarily chosen concentration of DBHB resulted in the formation of a distinct bathochromic band (green colour) at 685 nm in the VIS absorption spectrum (Fig. 3) . Absorption intensity was found to increase upon addition of further amounts of added copper(II) sulphate. The maximum absorption was reached after a five-to tenfold molar excess of the copper salt in relation to DBHB. NBHB and 2,3-BMO were likewise able to complex copper(II) ions as shown by the green coloration of a aqueous/methanolic solution of the compounds following the addition of copper (II) sulphate (data not shown), whereas no effect was observed for TT. Subsequently, we were able to prepare a neutral complex of DBHB with copper(II) ions. When a solution of DBHB in methanol is mixed with an aqueous copper (II) acetate solution and the pH is adjusted to >9 with sodium acetate, a brown precipitate is formed that can be separated. After drying, a cocoa-like powder remains that is insoluble in all common solvents but readily soluble in dilute HCl under decolourization and precipitation of DBHB. The addition of dilute NaOH forms a clear deep green coloured solution. The chemical composition of the brown powder was determined by elementary analysis showing that one copper(II) ion is bound to two molecules of DBHB (data not shown). Whereas this amorphous material was unsuitable for X-ray analysis, we were successful in preparing a macrocrystallinic complex of DBHB with copper(II) chloride, which was crystallised from DMF and dichloromethane. In parallel, the crystal structure of free DBHB was likewise analysed by X-ray analysis. Both crystal structures are reported here for the first time. The crystal data and the details of Fig. 3 Part of the absorption spectra of DBHB (5,5′-dibromohemibastadin-1; 3.33 μmol/mL) with various concentrations of CuSO 4 in aqueous/methanolic solution: I 33.33 μmol/mL, II 16.67 μmol/mL, III 11.11 μmol/mL, IV 5.55 μmol/mL, V 1.67 μmol/mL, and VI 0 μmol CuSO 4 /mL the structure determination processes are presented in the "Materials and Methods" section. The representative geometrical data for both structures are summarized in Tables 1, 2 , and 3. These data in combination with Fig. 4 allow a detailed analysis of copper coordination and the ligand properties of DBHB. The metal centres of the centrosymmetric dinuclear complex exhibit the typical 4+ 2-coordination mode of a Jahn-Teller distorted octahedral complex with a terminal (Cl2) and a bridging (Cl1a) chloride ligand occupying the axial positions. As to be expected, the corresponding Cu-Cl bond lengths are much larger than the length of the equatorial Cu1-Cl1 bond. According to the observed Cu-O and Cu-N distances, a strong bonding between the copper centre and the chelating DBHB ligand as well as the DMF ligand has to be assumed. The comparison of the relevant geometrical parameters of free and complexed DBHB (right half of Table 1 ) gives evidence for the high complexation potential of DBHB towards copper(II) ions. From the coordination chemistry point of view, dinuclear copper complexes with a Cu 2 (μ-Cl) 2 core and a μ-Cl,Cl 2 ,O 2 ,Ncoordination motif are very rare species (Kapoor et al. (5) 1.903(6) C1-C2 1.499 (7) 1.497(7) Br4-C14
1.891 (5) 1.906(6) C1-C6 1.517 (7) 1.530(7) Cu1-Cl1 2.2920(15) C2-C3 1.504 (7) 1.511 (7) Cu1-Cl2 2.6420(13) C4-C5 1.500 (8) Symmetry code: A 1.5-x, 0.5-y, 2-z 2002 Kapoor et al. 2004 ), and we here present the first example of such a complex containing chlorido ligands in both the axial positions of the distorted hexacoordinated copper centres. In principle, the closest structural relationship is given to di-μ-chloridobis((N,N″-2-pyrdyl-2′-pyridinium ketone oxime)aquachlorido-copper(II)) (Sommerer et al. 1995), a Cu 2 (μ-Cl) 2 core complex with copper centres that are hexacoordinated in a μ-Cl, Cl 2 ,N2,O-mode with a μ-Cl and an aqua ligand in axial positions and the N,N′-chelating pyridyl ketone oxime ligand as well as two Cl ligands in equatorial positions. The comparison of the relevant bond lengths gives further evidence that the bonding of DBHB to copper centres is comparatively strong. As can be seen from Fig. 4 and the hydrogen bond parameters listed in Table 2 , DBHB bonded to the copper centres is further involved in supramolecular interactions. It has to be assumed that its H bridging donor and acceptor properties also play an important role in the receptorbinding process. The complexation of copper(II) ions is not restricted to DBHB or other synthetic congeners such as NBHB or 2,3-BMO, but extends also to naturally occurring bastadin derivatives that share the same important structural elements (α-oxo-oxime group) as shown by treatment of a crude aqueous/methanolic extract of the sponge I. basta with an excess of copper(II) sulphate. A brown precipitate was formed after the addition of sodium carbonate solution which was separated and disintegrated with dilute HCl. The acidic solution was extracted with ethyl acetate followed by HPLC and LC-MS analysis. It revealed an enriched complex mixture of several known bastadin derivatives (data not shown) that had been formerly described from the same sponge (Ortlepp et al. 2007 ) thereby indicating that also naturally occurring bastadins have the capacity to complex copper(II) ions. Discussion DBHB, NBHB and 2,3-BMO proved to be strong inhibitors of blue mussel phenoloxidase (Figs. 1 and 2) . The IC 50 value of the most active compound DBHB (0.84 μM) compares favourably with those of the other reported marine-derived blue mussel phenoloxidase inhibitors such as the meroditerpenoids (3aS,7aR)-1,2,3,3a,7,7a-hexahydro-5-(2-hydroxy-2-methylpropyl)-6-((R)-6-methoxy-2,8-dimethyl-2H-chromen-2-yl)-3a,7a-dimethylinden-4-one (IC 50 , 2.3 μM) or (1Z)-1- ((5aR,8aS)-2,3,5,5a,6,7,8,8a-octahydro-2,2,5a,8a-tetramethylindeno[4,5-b] furan-4-ylidene) propan-2-one (IC 50 , 4.0 μM). Both compounds were isolated previously from the brown alga Cystoseira baccata (Mokrini et al. 2008) .
The comparison of the structure activity relations of the compounds tested in this study unequivocally proves the importance of the α-oxo-oxime moiety that is the uniting structural feature and the pharmacophore of compounds DBHB, NBHB and/or 2,3-BMO but is lacking in the inactive compound TT (Figs. 1 and 2 ). The presence of the phenolic rings and the bromine substituents as observed for compounds DBHB and NBHB enhances the enzyme inhibitory activity in comparison to compound 2,3-BMO by factors of 3.6 (2,3-BMO vs. NBHB) and 10.3 (2,3-BMO vs. DBHB), whereas the replacement of the α-oxo-oxime group by an α-oxo-amino group as present in TT causes a dramatic drop in activity (by a factor of approximately 50 compared to the closest structural analogue NBHB, Figs. 1 and 2) . Interestingly, the different degree of inhibition of blue mussel phenoloxidase by DBHB, NBHB and TT is paralleled by their antifouling activity against larvae of the barnacle B. improvisus that was reported earlier (Ortlepp et al. 2007 ). In a settling bioassay, DBHB proved to be the most active compound with an IC 50 value between 1 and 10 μM followed by NBHB (IC 50 , 10-100 μM), whereas TT was inactive up to 100 μM (2,3-BMO had not been tested in the original experiment with B. improvisus; Ortlepp et al. 2007 ) thus indicating that the in vitro inhibition of phenoloxidase as documented in this study is apparently also of relevance under in vivo conditions. Hemibastadin derivatives as analysed in this study are not the only sponge-derived compounds featuring an α-oxo-oxime group known from nature. Besides other compounds belonging to the bastadin family, we were previously able to show that, for example aplysamine-2 isolated from the sponge Pseudoceratina purpurea and psammaplin A obtained from the sponge Aplysinella rhax likewise suppress the settling of barnacle larvae at concentrations similar to those of bastadin derivatives or of DBHB (Ortlepp et al. 2007 ). Symmetry codes: A 1-x, 1-y, 1-z; B 1-x, y-0.5, 0.5-z; C x, 1-y, z-0.5; D 1.5-x, y-0.5, 1.5-z; E 1.5-x, 0.5-y, 2-z; F 1-x, y, 1.5-z
No enzyme inhibitory studies were conducted for the latter compounds. However, based on the obvious structural similarities with DBHB, especially with regard to the important α-oxo-oxime group, it is very probable that these as well as other natural products featuring this pharmacophoric group (see, e.g. Blunt et al. 2009 and previous reviews in this series) will likewise inhibit blue mussel phenoloxidase. The inhibition of blue mussel phenoloxidase by DBHB, NBHB and 2,3-BMO analysed in this study is reflected by their ability to complex copper (II) ions (e.g. as shown for DBHB in Fig. 4) , whereas compound TT failed to do so. The complexation of copper (II) ions was also demonstrated in this study for a naturally occurring mixture of bastadin derivatives as present in a crude extract of the sponge I. basta. Comparative X-ray structure determinations of DBHB and the dinuclear copper(II) complex (DBHB(DMF) CuCl 2 ) 2 • 4CH 2 Cl 2 as well as the comparison with structurally related complexes characterize DBHB as N, O-bidentate chelating ligand with strong binding potential for copper(II) (Fig. 4) .
In conclusion, this study demonstrates for the first time the strong inhibition of blue mussel phenoloxidase by DBHB and by structurally related compounds at submicromolar to low micromolar concentrations. Additional experimental evidence obtained earlier with barnacle larvae (Ortlepp et al. 2007 ) furthermore indicates that the inhibition of the target molecule phenoloxidase extends also to the in vivo level. We provide evidence for the α-oxo-oxime group as the decisive pharmacophore of the studied molecules that is responsible for the complexation of copper(II) ions as shown by X-ray analysis for copper(II) complex of DBHB. The data presented finally suggest that the documented strong inhibition of blue mussel phenoloxidase is mechanistically due to the complexation of copper(II) ions that are present within the catalytical centre of the enzyme. Fig. 4 Molecular structure of DBHB (5,5′-dibromohemibastadin-1) in the crystal (30% probability ellipsoids) (a) and the structure of the dinuclear complex di-μ-chloro-bis(5,5′-dibromohemibastadin-1)(dichloro)bis (dimethylformamide)dicopper (II) in its crystalline tetrakis (dichloromethane) solvate (25% probability ellipsoids) (b). The directions of supramolecular association via hydrogen bonding are indicated by dashed lines
